I. INTRODUCTION
Edge-localized modes (ELMs) 1, 2 are repetitive and explosive instabilities induced by pressure gradients, current density, or both at the pedestal region of magnetic confinement plasmas. ELM crashes can induce substantial loss of confinement of edge particles and heat, and can damage components that face the plasma; this damage is a serious impediment to steady-state operation of fusion devices. 3 Linear stability analysis based on peeling-ballooning (PB) mode theory has successfully explained the emergence of typical type-I ELMs. 4 PB mode theory predicts that the PB mode will evolve into filamentary structures along the helical magnetic field lines, 5 and this process has been observed in several tokamaks. [6] [7] [8] Although PB theory has explained the onset conditions and mode structure for ELMs, experimental observations suggest that ELM dynamics are far more complicated than the theory depicts. Detailed observation of ELM dynamics and accurate measurement of the mode structure will enhance the understanding for ELMs physics.
The entire ELM evolution process was recently studied in detail 8 using a 2D visualization tool called electron cyclotron emission imaging (ECEI) system 9 in the Korea Superconducting Tokamak Advanced Research (KSTAR) device. Results revealed the detailed phenomenology of the ELM structure and dynamics such as radial and poloidal extent, poloidal flow, poloidal elongation of filaments before the crash, and the localized crash induced by a pressure finger-like structure. However, other crucial quantities for the study of linear and nonlinear ELM physics, such as toroidal mode number n, pitch angle α, and toroidal asymmetry of the ELM structure, were difficult to measure accurately because of the 3D nature a) Author to whom correspondence should be addressed. Electronic mail:
gunsu@postech.ac.kr of the ELM structure. In particular, an accurate measurement of n was often very difficult or impossible to achieve using the conventional analysis of Mirnov coil array signals when the perturbation amplitude was weak or when n was larger than the Nyquist limit. This paper presents a new method to determine n using two ECEI systems. The fundamentals of the ECEI system are explained in Sec. II. The method for estimating n of the ELMs is described and its validity is assessed by equilibrium fitting (EFIT) code calculation in Sec. III. Experimentally measured n values from two ECEI systems and Mirnov coils are compared in Sec. IV. The work is summarized in Sec. V.
II. ECEI SYSTEM
ECEI is an advanced diagnostic tool to visualize magnetohydrodynamic (MHD) instabilities such as sawtooth, 10 ELMs, 11 tearing modes, 12 and Alfvén eigenmodes 13 by measuring the electron temperature fluctuation δT e = T e − T e in 2D, where T e is a time average.
The KSTAR ECEI system has dual independent heterodyne detector arrays, which provide simultaneous measurements of the high-field side and low-field side of the plasma. Due to a flexible large aperture optics system, two ECEI view positions can be focused anywhere in the poloidal crosssection with vertical coverage from ∼30 to 90 cm. Each detector array has 24 (vertical) × 8 (radial) = 192 channels for electron temperature fluctuation measurement with a spatial resolution ∼1 − 2 cm and temporal resolution ∼1 − 2 μs. In addition, another ECEI system has been installed in KSTAR, toroidally separated from the 1st ECEI by 1/16th of the torus, to extend the diagnostic capability in 3D. Using the two ECEI systems, ELM filaments were visualized in quasi 3D for the first time during the 2012 KSTAR campaign. 
III. TOROIDAL MODE NUMBER ESTIMATION USING 3D ECEI
Mirnov coils are an array of magnetic pickup probes installed along the tokamak vacuum vessel wall either toroidally or poloidally. They are relatively simple to construct and are commonly used to measure the geometrical structure of a MHD instability mode, in particular n, which is a critical parameter for MHD stability analysis in toroidal plasmas. However, Mirnov coils, albeit an essential tokamak diagnostic, have a number of limitations. Because each coil can measure only the time-varying magnetic fields at a fixed location, the coil sensitivity to a MHD mode strongly depends on the rotation frequency of the MHD mode in the laboratory frame. For this reason, it would be difficult to detect a MHD mode with very low rotation frequency using Mirnov coils. In addition, the coil sensitivity degrades for higher n MHD instabilities as B ∝ 1/ρ n , 14, 15 whereB is the magnetic perturbation amplitude, and ρ is the distance from the mode structure to the detector array. Mirnov coils also have a Nyquist limit due to the finite number of coils. For example, KSTAR is equipped with one toroidal array of 20 Mirnov coils and thus the detectable range of n is limited up to 10.
A convenient definition of the toroidal mode number is given below (see Fig. 1 )
where R * [cm] is the major radius of the instability mode at the outboard midplane, and λ tor [cm] is the toroidal spacing between peaks (or valleys) of the instability mode, i.e., the toroidal wavelength. In poloidal and toroidal angle coordinate space, filamentary instability modes like ELMs at the outboard midplane have the following relationship among λ tor , poloidal mode spacing λ pol , and pitch angle of the filaments at the outboard midplane α * (see Fig. 1 ):
Combining Eqs. (1) and (2) yields
For ELMs, R * , λ pol , and tan α * can be accurately measured using two ECEI systems alone. Equation (3) is only valid if α * is nearly constant around the midplane; if α * varies substantially around the midplane, it is hard to determine α * , and thereby n can be easily misinterpretated. Along the field line in the poloidal direction, α * reconstructed by EFIT 16, 17 ( Fig. 2(a) ) varies by less than 4% within the ECEI view (typical vertical span ∼40 cm).
IV. COMPARISON ANALYSIS BETWEEN THE ECEI ESTIMATION AND MIRNOV COILS MEASUREMENT
In typical KSTAR discharges, the direction of toroidal magnetic field B tor and plasma current I p are clockwise as viewed from Fig. 3(a) ; therefore, the ELM filament captured by the 2nd ECEI system is the same as the lower ELM filament in the 1st ECEI system (Fig. 3(b) ). λ pol can be measured directly from the ECEI snapshot. Because the field line shape is already known and the two ECEI systems are toroidally separated by 1/16th of the torus (or by an angle φ = π /8 rad), the pitch angle can be determined by measuring the change in vertical distance of the same flux tube in the two ECEI views. A correlation technique is used to increase the accuracy of the mode spacing measurement. In order to obtain the spatial correlation, the normalized temporal correlation coefficients were calculated along the poloidal direction in the 1st ECEI system using channel #13-5 of the 2nd ECEI system as the reference. The spatial correlation can be derived from the temporal correlation coefficients of individual channels with zero time lag. Assuming that the ELM filaments are identical and homogenous along the magnetic field lines, the spatial correlation between ECEI signals in the vertical (poloidal) direction is expected to form a sinusoidal variation as in Fig. 4 . Fig. 4 shows that the maximum correlation coefficients occur at the vertical channels #5 and #19. Noting that the vertical channel #19 does not match with the field line pitch (cf. Figs. 1 and 2(c) ), it can be concluded that the vertical channel #5 is to be on the same filament (or flux tube) as the reference channel. Similarly, the accuracy of the measurement of the poloidal spacing between the ELM filaments is increased using the same correlation method within one ECE image.
For the example case of Fig. 3(b) , λ pol is ∼34.1 cm, the vertical spacing of the same flux tube between the two ECEI views y is ∼15.1 cm, and the toroidal distance between 1st and 2nd ECEI views R * φ is ∼87.1 cm. The latter two yields the pitch of the ELM filaments, tan α * = λ pol /λ tor ≈ y/(R * φ) ≈ 0.17. Using Eq. (3) and measured R * = 222 cm of the ELM filaments, we obtain n ≈ 7.0. This number is consistent with the mode analysis result of the Mirnov coils (Fig. 5) , in which the contour plot of the bandpass filtered Mirnov coil signals clearly shows the mode structure of n = 7. The ECEI measurement error due to finite spatial resolution and imperfection in the optical alignment can result in over-or under-estimation of λ pol and tan α * , which can lead to an error up to ±1 in n. Table I contains the measurements of tan α * obtained using EFIT and 3D ECEI with the corresponding mode numbers denoted as n EFIT and n ECEI , which are compared with the mode number n Mirnov determined by the analysis of Mirnov coil array signals; 27 of the 28 estimates are identical with those obtained using the Mirnov coil array, demonstrating the accuracy of n ECEI or n EFIT based on our method. Note that the table contains only cases where n Mirnov were available and there are numerous cases where the Mirnov signals were too weak to determine the mode structure. The estimate of tan α * obtained using 3D measurement is consistent with the EFIT result; this means that n can be estimated using a 2D ECE image and EFIT without requiring the more difficult 3D ECEI measurement. This approach will be a powerful tool to estimate n because the EFIT provides relatively accurate tan α * in the plasma edge region even using only external magnetics. 17 We conclude that the method described here using either 3D ECEI or the combined 2D ECEI and EFIT provides an accurate estimate of n with absolute error ≤1, and is much better than the conventional method using Mirnov coils, which is often unreliable for instabilities with weak perturbation amplitude or large n.
V. SUMMARY
This paper presents a new and accurate method to estimate the toroidal mode number n of ELM filaments in the KSTAR based on the measurement of the poloidal mode spacing and pitch angle of the filaments. This method can extend the measurable range of n beyond the Nyquist limit of the conventional Mirnov coil array and can work in the absence of usable Mirnov coil signals. It is also found that the pitch angle measurement can be replaced by EFIT, which enables an easier way of toroidal mode number estimation using only one ECEI.
